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Abstract 

We implement the seesaw mechanism in the 3-3-1 model with right-handed neutrinos. This is 
accomplished by the introduction of a scalar sextet into the model and the spontaneous violation 
of the lepton number. We identify the Majoron as a singlet under SUi{2) ® C^y(l) symmetry, 
which makes it safe under the current bounds imposed by electroweak data. The main result of 
this work is that the seesaw mechanism works already at TeV scale with the outcome that the 
right-handed neutrino masses lie in the electroweak scale, in the range from MeV to tens of GeV. 
This window provides a great opportunity to test their appearance at current detectors, though 
when we contrast our results with some previous analysis concerning detection sensitivity at LHC, 
we conclude that further work is needed in order to validate this search. 
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I. INTRODUCTION 



The standard model (SM) of electroweak interactions does not predict masses for the 
neutrinos and any evidence that neutrinos are massive particles is a signal of new physics. 
Present solar 1], atmospheric j2|, reactor 3] and accelerator 4] data on neutrino oscillation 
experiments provide convincing evidence that neutrinos are massive particles. Besides, these 
experiments revealed these neutrinos to be very light particles with masses in the eV scale. 
Thus, regarding neutrino masses, the challenge is twofold: to extend the SM in such a way 
as to generate Dirac or Majorana (or both) neutrino mass terms and to find mechanisms 
that explain the smallness of the observed masses. It is almost a consensus that the seesaw 
mechanism provides the most elegant explanation for the smallness of the neutrino masses. 
Thus any extension of the SM that accommodates this mechanism automatically turns out 
to be an interesting candidate to new physics beyond the SM. 

The basic ingredient of the seesaw mechanism is the existence of right-handed neutrinos 
along with the assumption that lepton number must be violated by the Majorana right- 
handed mass terms at an energy scale Ai much larger than the electroweak symmetry 
breaking. Such mechanism works at grand unification scale Ai ~ 10^^ GeV as well as 
TeV scale , and its most convincing signature would be the evidence for Majorana 
right-handed neutrinos. 

Among the extensions of the SM with right-handed neutrinos in its matter spectrum, there 
is a specific version of the 3-3-1 model |8|]. There are some features of this model which are 
worth mentioning. Namely, demanding anomaly cancellation and QCD asymptotic freedom, 
three family of fermions are required to keep theoretical consistency, which somehow explains 
the problem of^family replication; the model provides the correct pattern of electric charge 
quantization [9,]; Peccei-Quinn symmetry [lOj can naturally be incorporated in the 3-3-1 
model, addressing the traditional solution to the strong CP problem [11]; it contains at least 
one weakly interacting massive particle, a scalar bilepton, which is the most likely candidate 
to explain the cold dark matter problem 121]. We think that these and several other aspects 
of the model make it an interesting proposal for new physics beyond the SM model. 

In this work we develop the neutrino sector of the 3-3-1 model with right-handed neutri- 
nos [8] with the intention of implementing the seesaw mechanism in it. For this we add a 
scalar sextet to its original scalar content. This sextet contains a neutral component that 
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carries two units of lepton number and when it develops a vacuum expectation value (VEV), 
lepton number symmetry is spontaneously broken and the right-handed neutrinos develop 
Dirac and Majorana mass terms. As we will see, this will engender the seesaw mecha- 
nism. We argue that the spontaneous breaking of the lepton number in this model occurs 
in conjunction with the spontaneous breaking of the 3-3-1 symmetry. This is an interesting 
possibility since there are two natural mass scales in this model, the highest being the 3-3-1 
breaking scale, around TeV, and the electroweak one at 246 GeV. In this way, both symme- 
tries, leptonic and 3-3-1 gauge symmetry, are broken at the same energy scale around TeV. 
This means that the seesaw mechanism in this case will work at TeV scale. Moreover, the 
model is built in such a way that all neutrino mass terms originate from the same Yukawa 
interaction. As we will see, this will imply right-handed neutrinos with mass at electroweak 
scale, appropriate for direct search at the LHC 

This work is organized as follows. In Sec. we present the particle content of the 
model. Next, in Sec. ( IIIII) we proceed with the spontaneous breaking of the lepton number 
and identify the Majoron. In Sec. ( IIVI) we implement the seesaw mechanism. Finally, in 
Sec. (jV]), we present our conclusions. 



II. THE MODEL 



The model we develop here is a version of the gauge models allowed by the gauge sym- 
metry SU{3)c ® SU (3) L ® U{1)n- (3-3-1) where right-handed neutrinos appear in its matter 
content as part of the lepton triplets [sl. People refer to this model as the 3-3-1 model with 
right-handed neutrinos(331i//i;). We will concentrate on the leptonic and the scalar sectors, 
the only ones relevant for our purpose. In regard to the other sectors, we just mention their 
matter content. For example, the model possesses nine gauge bosons [l3|] where four of them 
are the standard gauge bosons A^, Z° and W^^ and the remaining ones are called Z'^, V^, 
and U^"^ and the last four carry two units of lepton number, the so called bileptons In 
the quark sector, in addition to the standard quarks, the model contains phenomenologically 
interesting new quarks [s], [l^ that present the uncommon feature of carrying baryon as well 
as lepton number, i.e., they are leptoquarks jl^ . 
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In what concerns the leptons, they are arranged in triplets and singlets [8| as follows 



aL 



;i,3,-l/3), CaR ~ (1,1,-1), 



(1) 



with a = 1,2,3 representing the three known generations. We are indicating the transforma- 
tion under 3-3-1 symmetry after the similarity sign, Notice that the third component 
of the lepton triplet is the right-handed neutrino. 

Also, we form the scalar sector of the model by adding the triplets. 



/ ^0 \ 



X 



X~ 



(2) 



which are sufficient to generate the correct masses of all quarks, charged leptons and gauge 
bosons [sl, [l3|. Note that rj and x both transform as (1,3, —1/3) while p transforms as 
(1,3,2/3). 

In order to work with a minimal scenario, we impose a set of discrete symmetries to the 
lagrangian of the model. As this work deals with leptons and scalars, we fix the discrete 
symmetries for these particles only, which are chosen as {caR, p, x) ~^ —{^aR, P, x)- With 
this, only the charged leptons develop masses at tree level through the Yukawa interaction 
ghpeR. 

In order to realize the seesaw mechanism in this model at TeV scale we need to add a 

n 

scalar sextet to the original scalar content [ISj . 

/ AO A- dSO \ 

(3) 
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A remarkable fact about this sextet is that after the SU{3)c®SU{3)l®U{1)n symmetry 
breaking to the SU{3)c ® SU {2)l ® U{1)y one, the sextet splits into a triplet plus a doublet 
and a singlet of scalars, 



S A(i,3,yA) + *{i,2,y*) + (^'{i,i,Y o) 



(4) 



4 



where Y are the hypercharges of the respective multiplets, with Ya = — 2, 1$ = — 1 and 

Yo-o = 0, and 

The Yukawa interaction we can construct with the sextet S and the leptonic triplet / is 
Gabfa^SfbL which Separates into the following ones, 

f^SfL ^ L^AL + L<l>un + ly^cToUn, (6) 

when the 3-3-1 symmetry breaks to the SU{3)c x SU{2)l x f/(l)y symmetry. In the above 
expression L represents the usual SM doublet of left-handed leptons. It is easy to see 
that when A°, $° and cr° develop nonzero VEV, then Dirac and Majorana mass terms 
are generated for the neutrinos. Hence, as we can see, the SSlu^ with the sextet has all 
the ingredients to implement the seesaw mechanism. Before we go into the details of the 
mechanism, we must remember that in the seesaw mechanism we are going to develop here, 
lepton number is broken spontaneously. In this case we must take care with the sort of 
Majoron that will arise from the corresponding lepton number violation. 

III. THE MAJORON 

When lepton number is spontaneously broken a pseudo-Goldstone boson called Majoron 



must arise [16|]. Majoron is a dangerous particle, thus in order to check if we have it under 
control we need to develop the potential of the model and obtain the Majoron profile. Note 
that the three triplets together with the sextet involve eight neutral scalars. However it is 
required that only five of them develop VEV to trigger the spontaneous breaking of both, 
the 3-3-1 symmetry and the lepton number one and then generate the correct masses for 
all particles of the model, including the Dirac and Majorana neutrino mass terms that give 
rise to the seesaw mechanism. The appropriate choice of the five neutral scalars that will 
develop VEV and do this job is. 

With this assignment of VEV's and the above assumed symmetries we can write the most 
general invariant scalar potential as, 

V = filx^ + + fiy + Aix^ + X2V^ + AsP^ + \4{x^x)iv^v) 
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+ A9(r^V)(ptry) + {^J-e^^%p^^, + H.C.) + /i|Tr(StS) 

+ Ai5(e*^'e'"^>nPfc^/^^rn, + ^.C.) + Ai6(p^5)(5tp). (8) 

Considering the shift of the neutral scalars in Eq. ([7]), this potential provides the following 
set of minimum conditions, 

2 , X 2 , ^4 2 , ^5 2 , fVriVp . f | vl 

X 



2 , \ 2 , ^5 2 , ^6 2 , f^v'^X' , \ (^l , \ 2 n 



2 I "lu / 2 I 2\ I "11/ 2 I r> 2 \ I "1^ 2 , "lo 2 , "ii 2 \ 2 n 
P5 + + ^<x) + ^(^a + 2%) + — t^^^ + — + —V^, - \l5Vp = 0, 

2 , -^lO/r, 2 , 2\ , -^11/ 2 , o 2n , -^12 2 , -^13 2 , -^14 2 n 



With this we can obtain the mass matrix for the scalars. Although a rigorous study of 
the potential above was not done yet, we limit our study to obtaining the profile of the 
Majoron that emerges from the spontaneous breaking of the lepton number. For this we 
need to focus exclusively on the pseudo scalars of the model. After using the minimum 
conditions given above, the mass matrix for the pseudo-scalar of the model in the basis 
(/^, J^/, /a, la, Ix'i ^r)i is given by the following symmetric matrix 

/ At 2 f'"v'"p _A7„/„, _|_/,, nnn n n n\ 



















































Alo „,2 
8 "^o- 








iVp 































fVr,Vp 




f 

-jvp 












2vf, Avp 


4^X 


Alo „,3 
2vp^'f> 










i^X 


fv'^Vp 













Alo ,,3 
2vp^<t> 





Alo „,2 



(.10) 



\ -^v^Va u u u -^v-^ I 

Observe that in the mass matrix above Ic has a null eigenvalue and decouples from the 
other pseudo-scalars. This pseudo-scalar is the Majoron we are looking for. As is a 
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singlet under the SU{2)l x U{1)y symmetry, then it will not couple to the standard neutral 
gauge boson Z^. This property guarantees that this Majoron is safe from the constraints of 
electroweak physics. This result implies that our Majoron manifests itself in genuine new 
interactions beyond SM only. It can receive a mass from radiative corrections and constitute 
the lightest scalar of 3-3-1 spectrum, which would make of it a possible component of cold 
dark matter, but it is out of our scope here to discuss such issues. Without having to 
worry about undesirable consequences of this pseudo-scalar we can move on and proceed to 
construct the seesaw mechanism in this scenario. 



IV. THE SEE-SAW MECHANISM 

We are now ready to implement the seesaw mechanism into the model. When and 
(T° develop VEV, the Yukawa interactions Gabfaj^Sfbi generate the following mass terms for 



the neutrinos in the basis {ue^ , u^^ , z/^^ , , i/'? , z/^)^ = {ul , Ur)^ 




(11) 
where 

Md = Gv^ and M = Gv^, (12) 

with G being a symmetric matrix formed by the Yukawa couplings Gab- Throughout this 
paper, for simplicity, we neglect CP violation effects in the leptonic sector, which means 
that there are no phases in the above mass matrix and then all their elements are real. 

As it is very well known, the diagonalization of the mass matrix in Eq. ( ITTl) . for the case 
Vcr » Vi^, leads to a mass relation among and M known as the seesaw mechanism 

m^^ ~ -MdM-^Md, m^^ ~ M, (13) 

where rrtyj^ is a mass matrix for the left-handed neutrinos and niyj^ is the mass matrix for 
the right-handed neutrinos. 

2 

Now comes the main point of our work. Observe that, in terms of VEV's, rrty^ oc ^ 
and m^^ oc fg-. Also, remember that carries two units of lepton number. Hence, when 
0"° develops VEV both the lepton number as well as the 3-3-1 symmetry are spontaneously 
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broken. This means that the energy scale of 3-3-1 symmetry breaking coincides with that 

of spontaneous breaking of the lepton number. Concerning 3-3-1 models the breaking is 

expected to occur at TeV scale, an so will the spontaneous lepton number violation. In 

other words, should be around TeV. 

On the other hand, $ does not carry lepton number. Its VEV generates, exclusively, Dirac 

mass terms for the neutrinos. The proposal of the seesaw mechanism is to yield neutrino 

masses at eV scale, which is accomplished if the ratio lies around eV. However, as we 

argued above v„ should be around TeV, then the seesaw mechanism would be responsible 

(MeV)' 

for constraining the values of vq, to be around MeV, once rj^y oceV. 

Besides, notice that the masses of the left-handed and right-handed neutrinos both have 
their origin in the Yukawa interactions Gabfai^SfbL- This means that the Yukawa couplings 
Gab are common for both kinds of neutrinos. Then by choosing a set of values for Gab that 
generate masses for the left-handed neutrinos such as to explain the solar and atmospheric 
neutrino oscillation, we then infer the masses for the right-handed neutrinos. To see this 
explicitly, let us substitute the matrices Mr, and M given in Eq. (|T2l) into the Eq. (JT3l) . In 
doing this we obtain, 

niy^ = —G— and rriy^ = Gv„. (14) 

2 

On choosing vq, = 1 MeV and = ITeV, which give exactly — = leV, the range 
of values for the Yukawa couplings. Gab, that leads to values for the masses of the left- 
handed neutrinos which explain solar and atmospheric neutrino oscillation lies between 
Gab ~ 10~^ — 10~^, which implies right-handed neutrinos masses in the MeV to GeV range. 
Hence we have a seesaw mechanism working at TeV scale with the right-handed neutrinos 
masses at the electroweak scale (sub-TeV). This is a very striking result, since we are dealing 
with a realizable model with many nice features which also allows us to explain neutrino 
masses at a testable scale. 

In order to have a taste of some numerical outcomes, let us take the following set of values 
for the symmetric Yukawa couplings Gu = -0.003079, Gu = -0.002941, G13 = 0.002941, 
G22 = -0.02788, G23 = -0.02210, G33 = -0.02788. Assuming = 1 MeV and = ITeV, 
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we obtain, from Eq. (fT3|) . the following entries for the mass matrix m 



( 0.003079 0.002941 -0.002941 ^ 



0.002941 0.02788 0.02210 
-0.002941 0.02210 0.02788 



eV. 



(15) 



v 



(17) 



This mass matrix is diagonalized by the following mixing matrix 

( 0.809 0.588 ^ 
U= -0.416 0.572 0.707 , (16) 
0.416 -0.572 0.707^ 
which implies the following mass prediction for the left-handed neutrinos 

mi ^ 5.7 X 10-^eV , ^ 8.8 x lO'W , mg ^ 5 x lO-^eV. 

The matrix in Eq. f|T6|) can be parametrized in terms of mixing angles a la Cabibbo- 
Kobayashi-Maskawa(CKM) parameterization [isl and is reproduced if we take: Q\2 = 36°, 
= 45° and ^13 = 0. 

On the other hand, note that the eigenvalues in Eq. (fT7|) imply the following values for 
the neutrino mass squared differences: 

7.7 X 10-^eV^ 

2.4 X 10-W. (18) 

Such mass differences and mixing angles explain both the solar and atmospheric neutrino 
oscillation according to the current data 19 1. 

Now let us focus on the masses of the right-handed neutrinos. For the same values of the 
Yukawa couplings and VEV's given above, we get the following entries for the right-handed 
neutrinos mass matrix given in Eq. (fTi|) . 

/ Q n^n o n/11 o n/ii \ 

GeV. (19) 



Am32 



m 



VR 



\ 



J 



-3.079 -2.941 2.941 
-2.941 -27.88 -22.10 
2.941 -22.10 -27.88 

On diagonalizing such mass matrix we obtain the following prediction for the masses of the 
right-handed neutrinos 

m4 5.7MeV 
ms ^ 8.8GeV 

me ^ 50GeV. (20) 
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Such values for the masses of the right-handed neutrinos allow this seesaw mechanism to be 
directly tested at future colliders. Let us next discuss the mixing among right-handed and 
left-handed neutrinos and their signatures at LHC 

It is already well established how the mass matrix in Eq. flTT]) is diagonalized by a f/exe 
unitary mixing matrix [17]. As a consequence, the right-handed neutrinos get mixed with 
the left-handed ones. Let us denote these mixing elements by where I = e , fi , t and 

n = 4, 5, 6. As a consequence of this mixing, heavy neutrinos can be tested considering their 
coupling with SM gauge bosons proportional to Ui^^^. 

For the case of right-handed neutrinos with mass lying in the electro weak scale, there 



are some constraints on t 
double beta decay(0z//3/9) 
following bounds 



leir masses and mixing elements Ui,^^^^ coming from neutrinoless 



20[ | and LEP 2l| experiments. Such constraints translate into the 



|2 



OZ//3/3 ^ y ^^^^^ < 5 X 10-«GeV-\ 



LEP ^ \U^.„J\ |f/..„J' < 10-^ - 10-^ for m,„^ ^ 5GeV - 80GeV. (21) 

There are also some signatures of heavy neutrinos at electroweak scale being investigated 
considering current and future hadron collider experiments 22|, . These searches consider 



lepton number conserving, and most interestingly, lepton number violation processes (AL 



2), through interaction of heavy neutrinos with SM gauge bosons. According to the Refs. 2^, 



241 ] the LHC discovery of heavy neutrinos in the electroweak range (few GeV to about few 
hundreds of GeV) is possible for a rather large mixing, although the absence of background 
excess leads to bounds of the same order of magnitude as the ones obtained by LEP. 

It is then necessary to check if our model is in agreement with such bounds. Let us proceed 
with this checking by first noticing that the mixing matrix elements, Uiu„j^, are pro portional 



to the ratio among the two energy sea! 



case this ratio becomes, Ui^ „ oc — 



17| . In our 



es involved in the seesaw mechanism 
23|. For the assumed values of the VEV's appearing 
in this ratio we get Uii^^^^ oc 10~^. Therefore, considering this and the predicted range of 
right-handed neutrino masses presented in Eq. (1201) . it is clear that our model is in perfect 
agreement with the above results. 

It is opportune to call the attention to the fact that all these search analyses were based 
on SM gauge bosons interactions only. In the SSli^/j, the right-handed neutrinos are part of 
a triplet together with left-handed neutrinos and charged leptons. Besides, new scalar and 
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gauge bosons connect these leptons through new interactions in processes similar to those 



studied in Refs. 



22 



24( 1 ■ Since some of these new interactions are not suppressed by mixing 



angles, the investigation of heavy neutrinos production in the context of 3-3-lz//j should be 
further investigated. Of course, there will be a plethora of events involving new particles 
which will be as interesting to search as the heavy neutrinos, however, their discovery will 
only give more strength to the realization of seesaw mechanism in S-S-lun at TeV scale. 



V. CONCLUSIONS 



In this work we showed that the seesaw mechanism can be implemented into the 3-3- 
1 model with right-handed neutrinos if a sextet of scalars is introduced into the model. 
The mechanism requires that we first implement the spontaneous breaking of the lepton 
number. We did this in this work and argued that lepton number symmetry breaking can 
occur in conjunction with the spontaneous breaking of the 3-3-1 symmetry, implying that 
these breakings are associated to the same energy scale. Since we expect that the 3-3-1 
symmetry breaks at the TeV scale, hence we are going to have a seesaw mechanism working 
at TeV scale. Moreover the masses of both left-handed and right-handed neutrinos arise 
from the same Yukawa interaction term, which means that the right-handed neutrinos will 
develop masses at electroweak scale. Thus, differently from the ordinary seesaw mechanism, 
the one we developed here can be directly tested at future colliders. We also analyzed the 
Majoron that resulted from the spontaneous breaking of the lepton number and showed that 
it is a singlet by the SU{2)l x U{1)y sjTiimetry, posing no threat to the model concerning 
current bounds from electroweak data. 

Finally, with a simplified numerical analysis, we guessed the Yukawa couplings of the 
model in order to recover the observed data on neutrino mass and mixing. This allowed us 
to predict the masses of heavy neutrinos to be in the range around 5.7 MeV to 50 GeV, with 
mixing angles f//jy„^ oc 10~^. These predictions are well bellow the upper bounds obtained by 
LEP experiments as well as sensitivity of LHC analyses, which consider processes involving 
only SM gauge bosons. In order to further constrain the heavy neutrinos of the S-S-lu^ model 
with a scalar sextet, a deeper and more complete analysis should be done, considering all new 
interactions with new heavy scalars and gauge bosons. Nevertheless, the goal of this work 
was to show that 3-3-lz//j model, as a good candidate for the SM extension, also provides a 
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suitable scenario to accommodate seesaw mechanism at a testable energy scale. 
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